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We study the relaxation time required for the alignment between the spin of a finite-mass
quark/antiquark and the thermal vorticity, at finite temperature and baryon chemical potential,
in the context of relativistic heavy-ion collisions. The relaxation time is computed as the inverse of
the total reaction rate that in turn is obtained from the imaginary part of the quark/antiquark self-
energy. We model the interaction between spin and thermal vorticity within the medium by means
of a vertex coupling quarks and thermal gluons that, for a uniform temperature, is proportional to
the global angular velocity and inversely proportional to the temperature. We use realistic estimates
for the angular velocities for different collision energies and show that the effect of the quark mass is
to reduce the relaxation times as compared to the massless quark case. Using these relaxation times
we estimate the intrinsic quark and antiquark polarizations produced by the thermal vorticity. We
conclude by pointing out that, in spite of the former being larger than the latter, it is still possible to
understand recent results from the STAR Beam Energy Scan when accounting for the fact that only
a portion of quarks/antiquarks come from the denser and thus thermalized region in the collision.
I. INTRODUCTION
Results from heavy-ion collisions experiments have
contributed significantly to our understanding of the
properties of strongly interacting matter at high tem-
perature and density. In these reactions, two atomic
nuclei collide at relativistic energies producing a decon-
fined state of hadronic matter, the so called quark-gluon
plasma (QGP). Although many properties of this state
have been revealed by means of a number of different
probes, it is also fair to say that others still remain elu-
sive at large. One of these has to do with the possibility
to create a vortical fluid in peripheral collisions. Were
this to be the case, the most promising way to elucidate
its properties is by means of the alignment of particle spin
to the global angular momentum, which in turn could be
detected measuring a non-vanishing global particle po-
larization. This possibility has prompted the search for
global polarization of hadrons, most notably of Λ and
Λ [1–16]. The STAR Beam Energy Scan (BES) program
has measured the Λ and Λ¯ global polarizations as func-
tions of the collision energy [17–19] showing that as the
latter decreases, the Λ¯ polarization rises more steeply
than the Λ polarization. This intriguing result motivates
the search for a deeper understanding of the conditions
for the relaxation between angular momentum and spin
degrees of freedom and of its dependence on the collision
parameters such as energy, impact parameter, tempera-
ture, and baryon chemical potential.
In a previous work [20], we have studied the relaxation
time for spin and thermal vorticity alignment in a QGP
at finite temperature T and quark chemical potential
µq = µB/3, where µB is the baryon chemical potential.
For these purposes, we resorted to the computation of
the quark self-energy where the interaction with thermal
gluons is mediated by a phenomenological vertex that
couples the thermal vorticity to spin. To make matters
simpler, we performed the calculation for massless quarks
whose momentum was small compared to T and/or µq.
In this work we remove such approximations and com-
pute the relaxation time for massive quarks with arbi-
trary momentum. We show that the effect of accounting
for the quark mass produces that the interaction rate is
larger which in turn translates into a smaller relaxation
time, as compared to the massless quark case. Other
attempts to compute the relaxation time using different
approaches have been reported in Refs. [21–23].
This work is organized as follows. In Sec. II we cal-
culate the interaction rate for a massive quark at finite
density and temperature. In Sec. III we show the results
obtained for the quark and antiquark relaxation times
as functions of temperature, collision energy and quark
intrinsic global polarization. Finally, Sec. IV provides a
summary along with a discussion on the consequences of
this calculation for hyperon polarization.
II. QUARK INTERACTION RATE AT FINITE
DENSITY AND TEMPERATURE
Consider a QCD plasma in thermal equilibrium at tem-
perature T and quark chemical potential µq. The inter-
action rate Γ of a quark with four-momentum P = (p0, ~p)
can be expressed in terms of the quark self energy Σ as
Γ(p0) = f˜(p0 − µq)Tr
{
γ0 Im Σ
}
, (1)
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FIG. 1. One-loop quark self-energy diagram that defines the
kinematics. The gluon line with a blob represents the effec-
tive gluon propagator at finite density and temperature. The
blobs on the quark-gluon vertices represent the effective cou-
pling between the quark spin and the vorticity.
with f˜(p0 − µq) being the Fermi-Dirac distribution. The
interaction between the thermal vorticity and the quark
spin is modeled by means of an effective vertex
λµa = g
σαβ
2
ωαβγ
µta, (2)
where σαβ = i2 [γ
α, γβ ] is the quark spin operator and ta
are the color matrices in the fundamental representation.
This vertex builds on the ideas discussed in Ref. [24] and
the subsequent studies of Refs. [6, 25–28] and references
therein. In order to present a self-contained discussion,
we hereby spell out the ingredients needed for the com-
putation, highlighting the new elements as compared to
Ref. [20]. Recall that the thermal vorticity is defined
as [29]
ωµν =
1
2
(∂νβµ − ∂µβν) , (3)
where βµ = uµ(x)/T (x), with uµ(x) the local fluid four-
velocity and T (x) the local temperature. Thermal vortic-
ity is produced in peripheral collisions where the colliding
matter develops a global angular velocity ~ω = ωzˆ, normal
to the reaction plane, that for our purposes is chosen as
the direction of the zˆ axis. The orbital angular momen-
tum is due to the inhomogeneity of the matter density
profile in the transverse plane [28]. For a constant angu-
lar velocity and uniform temperature, the magnitude of
the thermal vorticity is given by ω/T .
The one-loop contribution to Σ, depicted in Fig. 1, is
given explicitly by
Σ = T
∑
n
∫
d3k
(2pi)3
λµaS(/P − /K)λνb ∗Gabµν(K), (4)
where S and ∗G are the quark and effective gluon propa-
gators, respectively. The effective gluon propagator is ob-
tained by summing the geometric series for the one-loop
gluon polarization tensor at high temperature and/or
quark chemical potential. The intermediate quark line
is taken as a bare quark propagator such that the inverse
of the interaction rate corresponds to the relaxation time
for the spin and vorticity alignment for quarks that are
originally not thermalized.
In a covariant gauge, the Hard Thermal Loop (HTL)
approximation to the effective gluon propagator is given
by
∗Gµν(K) = ∗∆L(K)PLµν + ∗∆T (K)PT µν , (5)
where PL,T µν are the polarization tensors for three di-
mensional longitudinal and transverse gluons, both of
which are, of course, four-dimensionally transverse. The
gluon propagator functions for longitudinal and trans-
verse modes, ∗∆L,T (K), are given by
∗∆L(K)−1 = K2 + 2m2
K2
k2
[
1−
(
iωn
k
)
Q0
(
iωn
k
)]
,
∗∆T (K)−1 = −K2 −m2
(
iωn
k
){[
1−
(
iωn
k
)2]
×Q0
(
iωn
k
)
+
(
iωn
k
)}
, (6)
where
Q0(x) =
1
2
ln
x+ 1
x− 1 , (7)
and m is the gluon thermal mass given by
m2 =
1
6
g2CAT
2 +
1
12
g2CF
(
T 2 +
3
pi2
µ2
)
, (8)
where CA = 3 and CF = 4/3 are the Casimir factors for
the adjoint and fundamental representations of SU(3),
respectively.
The sum over Matsubara frequencies involves products
of the propagator functions for longitudinal and trans-
verse gluons ∗∆L,T and the Matsubara propagator for
the bare quark ∆˜F , such that the term that depends on
the summation index can be expressed as
SL,T = T
∑
n
∗∆L,T (iωn)∆˜F (i(ωm − ωn)). (9)
This sum is more straightforward evaluated introduc-
ing the spectral densities ρL,T and ρ˜ for the gluon and
fermion propagators, respectively. The imaginary part of
Si (i = L, T ) can thus be written as
Im Si = pi
(
e(p0−µq)/T + 1
)∫ ∞
−∞
dk0
2pi
∫ ∞
−∞
dp′0
2pi
f(k0)
× f˜(p′0 − µ)δ(p0 − k0 − p′0) ρi(k0) ρ˜(p′0), (10)
where f(k0) is the Bose-Einstein distribution. The spec-
tral densities ρL,T (k0, k) are obtained from the imagi-
nary part of ∗∆L,T (iωn, k) after the analytic continua-
tion iωn → k0 + i and contain the discontinuities of the
gluon propagator across the real k0-axis. Their support
depends on the ratio x = k0/k. For |x| > 1, ρL,T have
support on the (time-like) quasiparticle poles. For |x| < 1
their support coincides with the branch cut of Q0(x). On
3the other hand, the spectral density corresponding to a
bare quark is given by
ρ˜(p′0) = 2pi(p
′
0)δ(p
′2
0 − E2p), (11)
where E2p = (p− k)2 +m2q with mq the quark mass. The
kinematical restriction that Eq. (11) imposes on Eq. (10)
limits the integration over gluon energies to the space-
like region, namely, |x| < 1. Therefore, the parts of the
gluon spectral densities that contribute to the interaction
rate are given by
ρL(k0, k) =
x
1− x2
2pim2θ(k2 − k20)[
k2 + 2m2
(
1− x2 ln
∣∣∣ 1+x1−x ∣∣∣)]2 + [pim2x]2 ,
ρT (k0, k) =
pim2x(1− x2)θ(k2 − k20)[
k2(1− x2) +m2
(
x2 + (x/2)(1− x2) ln
∣∣∣ 1+x1−x ∣∣∣)]2 + [(pi/2)m2x(1− x2)]2 . (12)
Collecting all the ingredients, the interaction rate for a
massive quark with energy p0 to align its spin with the
thermal vorticity is given by
Γ(p0) =
αs
4pi
(ω
T
)2 CF√
p20 −m2q
∫ ∞
0
dk k
∫
R
dk0[1 + f(k0)]
× f˜(p0 + k0 − µq)
∑
i=L,T
Ci(p0, k0, k)ρi(k0, k),
(13)
where R represents the region
k0 ≥
√(√
p20 −m2q − k
)2
+m2q − p0,
k0 ≤
√(√
p20 −m2q + k
)2
+m2q − p0. (14)
It can be checked that the region of integration over k0
in Eq. (14) reduces to −k ≤ k0 ≤ k when mq → 0, as was
obtained in Ref. [20]. Notice that Eq. (14) implies that
the available phase space is reduced in the massive quark
case, as one could expect. The polarization coefficients
CL,T come from the contraction of the polarization ten-
sors PL,T µν with the trace of the factors involving Dirac
gamma matrices from the self-energy. After implement-
ing the kinematical restrictions for the allowed values of
the angle between the quark and gluon momenta, these
functions are found to be
CT (p0, k0, k) = 8(p0 + k0) C(p0, k0, k),
CL(p0, k0, k) = −8(p0 + k0)
[
C(p0, k0, k)− 1
2
]
− 8 p0 k
2
k20 − k2
C(p0, k0, k), (15)
with
C(p0, k0, k) =
k2 − 2k0p0 − k20
2k
√
p20 −m2q
2 . (16)
This result should be contrasted with Eq. (14) of
Ref. [20], which was computed for the massless and small
quark momentum limit. The total interaction rate is ob-
tained by integrating Eq. (13) over the available phase
space
Γ = V
∫
d3p
(2pi)3
Γ(p0), (17)
where V is the volume of the overlap region in the colli-
sion. Recall that, for the collision of symmetric systems
of nuclei with radii R and a given impact parameter b, V
is given by
V =
pi
3
(4R+ b)(R− b/2)2. (18)
Following the method outlined on Ref. [30], the initial an-
gular velocity ω (i.e., after full nuclei overlap) produced
in Au+Au collisions is hereby computed performing aver-
ages over 104 events at a given energy and impact param-
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FIG. 2. Initial angular velocity ω for Au+Au collisions at
impact parameters b = 5, 8, 10 fm as functions of collision
energy
√
sNN . Solid lines are the fit of the UrQMD results,
using Eq. (19).
4eter using UrQMD [31]. The results of our simulations
for the initial angular velocity are shown in Fig. 2 for
three different impact parameters, b = 5, 8, 10 fm. Solid
lines are the fit of the data using the functional form
ω =
ω0
2
b2
VN
[
1 + 2
(
mN√
sNN
)1/2]
, (19)
where VN = (4pi/3)R
3, R = 1.1A1/3, and ω0 is the free
parameter of the fit; in all cases ω0 ' 1. Notice that, as
explored in Ref. [30], different choices of smearing func-
tions for the calculation of the velocity profile, or the def-
inition of the velocity of the produced particles itself, can
lead to a variation on the values resulting for the angu-
lar velocity; for a more detailed study, see Refs. [32, 33].
From the expression for Γ in Eq. (17), we study the para-
metric dependence of the relaxation time for spin and
vorticity alignment, defined as
τ ≡ 1/Γ. (20)
We now proceed to present the results for the quark and
antiquark relaxation times as computed with Eq. (20) as
functions of temperature and collision energy as well as
the intrinsic quark global polarization as a function of
time.
III. RESULTS AND DISCUSSION
Figure 3 shows the relaxation time τ for massive quarks
with mq = 100 MeV, corresponding to the strange quark
mass, contrasted with the massless quarks case, as a func-
tion of temperature T , for semicentral collisions at an
impact parameter b = 10 fm for two different values of
quark chemical potential µq and collision energy
√
sNN .
FIG. 3. Relaxation time τ for quarks as a function of tem-
perature T for semicentral collisions at an impact parameter
b = 10 fm for
√
sNN = 10, 200 GeV with ω ' 0.072, 0.051
fm−1, respectively. In dashed lines massless quarks [20], in
solid lines massive quarks.
FIG. 4. Relaxation time τ for quarks as a function of tem-
perature T for semicentral collisions at an impact parameter
b = 10 fm for
√
sNN = 10, 200 GeV with ω ' 0.12, 0.10 fm−1,
respectively. In dashed lines massless quarks [20], in solid
lines massive quarks.
In both cases, ω is computed using our simulations de-
scribed above. The effect of quark mass and of relaxing
the assumption of a small quark energy is to reduce the
relaxation time for the entire range of considered temper-
atures, as compared to the massless case. This may seem
counter-intuitive given that a finite quark mass reduces
the available phase space. However, notice that the new
terms in Eq. (15), as compared to Eq. (14) of Ref. [20],
compensate this reduction and contribute significantly to
a higher interaction rate. Figure 4 shows the tempera-
ture dependence of the relaxation time for quarks, for
two different collision energies and quark chemical po-
tentials at an impact parameter b = 10 fm. For direct
FIG. 5. Relaxation time τ¯ for antiquarks as a function of
temperature T for semicentral collisions at an impact param-
eter b = 10 fm for
√
sNN = 10, 200 GeV with ω ' 0.12, 0.10
fm−1, respectively. In dashed lines massless quarks [20], in
solid lines massive quarks.
5comparison to Ref. [20], the values of ω ' 0.12, 0.10 fm−1
are used for the massless case. Notice that τ . 5 fm for
the temperature range 150 MeV < T < 200 MeV, where
the phase transition is expected to occur. In this tem-
perature range, the relaxation times are smaller than the
ones found in Ref. [20].
Figure 5 shows the temperature dependence of the re-
laxation time for antiquarks (with antiquark chemical po-
tential µq = −µq) for two different collision energies and
chemical potentials at an impact parameter b = 10 fm.
Again, we use for the antiquark mass mq = 100 MeV,
corresponding to the mass of the strange antiquark. The
relaxation times for antiquarks for the temperature range
150 MeV < T < 200 MeV satisfy τ¯ . 5 fm and are also
smaller than the corresponding relaxation times found in
Ref. [20]. Figure 6 shows the relaxation time (a) τ for
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FIG. 6. (a) Relaxation time τ for quarks as a function of√
sNN for semicentral collisions at impact parameters b =
5, 8, 10 fm. (b) Relaxation time τ¯ for antiquarks as a function
of
√
sNN for semicentral collisions at impact parameters b =
5, 8, 10 fm.
quarks and (b) τ¯ for antiquarks as functions of
√
sNN for
semicentral collisions at impact parameters b = 5, 8, 10
fm as a function of the collision energy. For each value of√
sNN , the temperature T and maximum baryon chemi-
cal potential µB = 3µq at freeze-out were extracted from
the parametrization of Ref. [34] such that
T (µB) = 166− 139µ2B − 53µ4B ,
µB(
√
sNN ) =
1308
1000 + 0.273
√
sNN
, (21)
where µB and T are given in MeV. Notice that the re-
laxation times for quarks show a monotonic growth as
a function of the collision energy throughout the energy
range considered. In contrast, the corresponding relax-
ation times for antiquarks have a minimum for collision
energies in the range 40 GeV . √sNN . 70 GeV and
grows slowly thereafter.
Figure 7 shows the intrinsic global polarization for
quarks (z) and antiquarks (z¯), given by
z = 1− e−t/τ
z¯ = 1− e−t/τ , (22)
as functions of time t for semicentral collisions at an im-
pact parameter b = 8 fm, for
√
sNN = 19.6 GeV. Notice
that z¯ < z, however, both intrinsic polarizations tend to
1 for t ' 10 fm. From this figure, we also notice that,
even if the QGP phase lasts for less than 10 fm, a finite
intrinsic global polarization, both for quarks and anti-
quarks, can still be expected.
IV. SUMMARY AND CONCLUSIONS
In conclusion, we have used a thermal field theoretical
framework to compute the relaxation times for massive
quark/antiquarks (with a mass corresponding to the s-
quark) whose spin interacts with the thermal vorticity
produced in peripheral heavy-ion collisions. With the re-
laxation times at hand, we also computed the intrinsic
quark/antiquark global polarizations. When this last is
FIG. 7. Intrinsic global polarization for quarks (z) and anti-
quarks (z¯) as functions of time t for semicentral collisions at
an impact parameter b = 8 fm for
√
sNN = 19.6 GeV. Notice
that z¯ < z, however, both intrinsic polarizations tend to 1 for
t ' 10 fm.
6preserved during the hadronization process, one might
expect that these polarizations directly translate into
the corresponding Λ and Λ polarizations. This would
in turn imply that the former should be expected to
be larger than the latter, as opposed to the findings of
Ref. [18]. Contrary to these expectation, Ref. [35] has
recently found that these intrinsic polarization can give
rise to the Λ and Λ polarization experimentally observed
as a function of collision energy. This result comes from
the interplay of Λ and Λ abundances when their source
in the reaction zone is modelled as composed of a high-
density core and a less dense corona. Although both
regions partake of the vortical motion, Λs and Λs coming
from one or the other could show different polarization
properties as their origins are different: in the core they
come mainly from QGP induced processes, whereas in
the corona they come from n + n processes. When this
fact is combined with a larger abundance of Λs as com-
pared to Λs in the corona region together with a smaller
number of Λs coming from the core as compared to those
coming from the corona –which happens for semi-central
to peripheral collisions– an amplification effect for the
Λ polarization can occur. This is more prominent for
small collision energies. More detailed studies of the ef-
fect are currently being carried out and will be reported
elsewhere.
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